Several miRNA family and their targets in cotton had been identified by computational methods based on the conserved characterization of miRNAs. So far, there are no experiments to validate the existence of miRNAs in cotton.
Introduction
Gene expression is regulated by an elaborate network of multiple mechanisms. miRNA, as a class of 20 to 24 nt small regulatory RNAs of gene expression in eukaryotes [1] , negatively regulates gene expression at the posttranscriptional levels through RNA-induced silencing complex (RISC) by binding target mRNAs for mRNA cleavage or inhibition of mRNA translation [2] . miRNAs play crucial roles in various biological and metabolic processes in plants and animals [3] [4] [5] [6] [7] [8] [9] [10] [11] . Identified miRNAs are found with important regulatory functions in specific biological processes through the whole life cycle of plants [6, 10, [12] [13] [14] [15] [16] [17] [18] [19] . These processes include control of tissue (leaf, root, stem, and flower) differentiation and development, phase switch from vegetative growth to reproductive growth, signal transduction, and response to different biotic and abiotic stresses (eg. salinity, drought, and pathogens), etc.
Some known miRNA loci are found in clusters on the genome. The miRNAs in a given cluster are often related to each other. These clusters of miRNAs maybe are produced by gene duplication [20] [21] [22] . Many reported miRNAs are phylogenetically conserved. This conservation of miRNAs has been used as a powerful strategy for identification or prediction of miRNAs by homology search in other species [23] . Bioinformatically predicted miRNAs should be validated for their expression by experimental methods. Northern blotting and PCRbased amplification of adaptor-ligated cDNA had been used for validation of predicted miRNAs [24, 25] . Northern blotting might not be sensitive enough to detect less-abundant miRNAs and it does not reveal the actual miRNA sequences, and PCR-based amplification can be difficult in practice when the actual mature miRNA region is unknown. The recent, dramatic improvements in the second generation sequencing technology make it possible to acquire even low abundant small RNA sequences of a sample at significantly reduced time and cost compared with traditional approaches [26] .
Cotton is an important economic crop. Following many studies involving miRNA computational prediction and identification in Arabidopsis, recent works using similar approach have identified many miRNAs in cotton. Qiu et al. [27] and Zhang et al. [28] reported 21 and 22 miRNA families from GSS and EST sequences of cotton by homology search. Using the identified plant miRNA precursors as orthologues to search all sequences of cotton in GenBank, 13 miRNA families were predicted [29] . Recently, 682 miRNAs were identified in 155 diverse plant species using all publicly available nucleotide databases [30] . In this research, 18 conserved miRNA families were identified in cotton. For studying the potential roles of the small RNAs in developing cotton ovules, researchers have cloned and sequenced small RNAs derived from eleven DPA periods (0-10 DPA) of cotton fiber development [31] . Only 2 miRNAs were identified in this research. However, the recent miRNA analysis in Arabidopsis and rice by using deep sequencing approach discovered that the encoding loci of non-conserved miRNAs are more than that of conserved miRNAs [32, 33] . These suggest that, besides conserved miRNAs, many non-conserved miRNA encoding loci may present in the cotton genome.
For fully identification of conserved miRNAs in cotton, it is necessary to sequence all expressed small RNAs. In this paper, a total of 1,358,811 unique small RNAs have been sequenced in Gossypium hirsutum seedlings. After miRNA homology analysis, 34 conserved miRNA families have been identified from the small RNA library. Based on the identified miRNA and miRNA⁎ sequences, 8 miRNA (miR156, miR157a, miR157b, miR162, miR164, miR393, miR399, miR827) encoding loci have been identified from the cotton TC library. Diversity analysis of conserved miRNA and miRNA⁎ sequences suggested that the conversed miRNA encoding loci in cotton is far more than that in Arabidopsis and rice.
Results and discussion
The small RNA profile
In plant, three small RNA pathways were discovered recently, including siRNA, miRNA and ta-siRNA [34] . A single miRNA can be produced by the processing of one to several longer precursors which possess stem-loop shaped secondary structures. Deep sequencing approach has been proved as an effective method for analysis of small RNAs including miRNAs in Arabidopsis and rice [32, 33] . The small RNA world of cotton developing ovule has been uncovered by using the regular small RNA clone. Now, we are beginning to lift the curtain on the small RNAs especially miRNAs in cotton by high-throughput sequencing method.
A cotton small RNA library was built by high-throughput small RNA sequencing, including 3,129,095 sequences with length from 18 to 26 nt. As the Fig. 1 distribution chart showed, almost 2/3 sequences are redundant sequences. 1,189,529 (~38%) small RNAs have been sequenced only once, 169,282 small RNAs have been sequenced at least two times. Moreover, 322 small RNAs have been sequenced more than 500 times, but only 14 (4.3%) of them were respectively identified as members of conserved miRNA families (miR156/157, miR164, miR166, miR167, miR168, miR169, miR172, miR393, miR396, miR444).
For sequence analysis of the small RNA library, 144 BAC and 21,405 TC of cotton were downloaded from GenBank and TIGR. The unique sequences of the small RNA library were mapped to the sequences of these two dataset. As Table 1 showed, 1003 unique sequences were mapped to cotton BACs, and 30,521 unique sequences were located in cotton TCs. These unique sequences that can be located in BAC and TC sequences only comprise of 2.32% of total unique sequences identified in the library. Also, the fragments of repeat regions, tRNAs, rRNAs, protein coding regions, and snoRNAs were analyzed in the library, distribution of these fragments was listed in Table 2 .
Identification of conserved miRNAs
For identification of conserved miRNAs in cotton, unique small RNA sequences had been aligned with conserved plant miRNAs in the miRBase (release 12.0) with 0-3 bases of mismatch. 892 unique sequences were identified as homologs of 33 known plant miRNAs. To be annotated as an miRNA, sequences representing both miRNA and miRNA⁎ should be identified for the miRNA canidates [35] . MiRNA⁎ sequences of most of these conserved miRNA families have been identified from our cloned small RNA library by homology search. Target prediction of the conserved miRNA families was performed by miRU using nearly perfect sequence complementary as criteria [36] . The identified conserved miRNA and their predicted targets were listed in Table 3 . Most conserved miRNAs have different sequences, which were shown in Fig. 2 . In this result, 13 conserved miRNA families (miR156/miR157, miR159, miR164, miR165, miR166, miR167, miR168, miR169, miR172, miR319, miR393, miR399) have more than 40 different small RNA sequences. The mature and miRNA⁎ sequences of 8 miRNAs can be mapped to cotten TCs. The predicted second structure of these miRNAs are shown in Fig. 3 .
Since the G. hirsutum full genome sequence is not available yet, it is unfeasible to determine the precise genomic loci of each miRNA family. According to the numbers of different sequences homologous to known miRNAs identified in our library, it is likely that the G. hirsutum genome contains more miRNA encoding loci than Arabidopsis and rice. In the Arabidopsis plant, whose genome has been fully sequenced, 191 miRNA encoding loci have been identified in the Arabidopsis MPSS plus database [33] . And there are 372 miRNA encoding loci that have been identified in rice [32] . Comparing these two libraries suggested that the bigger a genome, the more miRNA encoding loci. Therefore, G. hirsutum, a tetraploid (2n = 4x = 52) plant, whose genome is bigger than that of Arabidopsis and rice, should have more miRNA encoding loci than that of Arabidopsis and rice. As the MPSS plus database showed, the miR156/miR157 family has 12 encoding loci in both Arabidopsis and rice. We analyzed the sequences that have been identified as miRNA and miRNA⁎ sequences of miR156/miR157. As shown in Fig.  4 , many miRNA and miRNA⁎ sequences of miR156/157 have been identified in our sequencing results. Although some of these sequencing variants might be generated as a result of RNA editing or SNP, it is also possible that the G. hirsutum genome contains more miR156/miR157 loci than that of Arabidopsis and rice.
Bioinformatics prediction of the conservation of the conserved miRNA families in cotton may not be completely informative at this time because of the lack of complete genome information and the search for these miRNA precursor sequences in TC library has been unsuccessful (only 8 precursors were identified). Recent deep sequencing of Arabidopsis and rice small RNAs suggested that the plant genome encodes more non-conserved miRNA families than conserved miRNA families [32, 33] . Although we have predicted several potential precursors of non-conserved miRNA from cotton TC library, these non-conserved miRNAs have been sequenced only one or two times in the small library, but the miRNA⁎ sequences of these non-conserved miRNAs were failed to be identified in the library.
miRNA and miRNA⁎ sequence diversity analysis
To analyze the diversity of miRNA and miRNA⁎ sequences that have been identified from our small RNA library, multiple alignments of several conserved miRNA families (miR156/miR157, miR167, miR168, miR169, miR393) were performed. As Fig. 4 showed (only the 195 sequence that has been read at least 3 times is listed), among the sequences identified as miR156/miR157, five nucleotide variable positions were found, and 9 nucleotide variable positions were found among the sequences of miR393 (Fig. 5) . Sequence variation were also found in the miRNA⁎ sequences, mostly at positions different from variations observed in the mature miRNA sequences.
Some known miRNAs are found in clusters, they are transcribed as polycistronic primary transcripts and miRNAs in a cluster may be functionally related [37] . One evolutionary forces to produce miRNA clusters is gene duplication. The genus Gossypium occurs naturally throughout tropical and subtropical regions, and includes about 45 species split across two ploidy levels, diploid (2n =2x = 26) and tetraploid (2n = 4x =52) [38] . G. hirsutum is a tetraploid (2n =4x =52), so the gene duplications in it might be more complex than other plants. Due to the lack of compelete genome information, most of our sequence reads can not be mapped to the genomes. Therefore, no miRNA gene cluster was identified in this study.
In summary, we have built a small RNA library of G. hirsutum seedling by high-throughput sequencing technology. Conserved miRNA and miRNA⁎ sequences have been identified from the library. Along with more and more information about cotton genome becoming available, the miRNA world of cotton will be uncovered little by little. With the availability of cotton BAC and genome sequences in the future, we expect more novel cotton miRNAs being identified in the future.
Materials and methods

Plant materials and total RNA extraction
Upland cotton (G. hirsutum) C312 seeds were grown on 1/2 MS media and 1/2 MS media containing 200 mM NaCl. Total RNA of 6-day seedlings of two treatments was isolated by cold-acidic phenol method with a modified extraction buffer (50 mM Tris-HCl pH 6.0, 10 mM EDTA pH 8.0, 100 mM LiCl, 2% SDS, 2% PVP). Then RNA was precipitated by ethanol, dissolved in DEPC water and stored at − 80°C.
Small RNA isolation and sequencing
The extracted total RNAs were resolved on a denatured 15% polyacrylamide gel. Gel fragments spanning the size range of 18 to 26 nt were excised, and small RNAs were eluted overnight with 0.5 M NaCl at 4°C, precipitated by ethanol. The small RNAs were sequenced by SOLEXA sequencing method (BGI, Beijing).
Small RNA library analysis 144 BAC from GenBank and 21,405 TC from TIGR of cotton were downloaded. Sequences from 18 to 26 nt in the sequence result were mapped to the cotton BAC and TC library.
Conserved miRNA identification and target prediction
For analysis of conserved miRNAs in cotton, unique small RNAs were aligned with the plant mature miRNAs from miRBase (release 12.0) [39] . Cotton small RNA sequences with 0-3 bases mismatch were identified as known plant miRNAs. miRNA⁎ sequences of conserved miRNAs were identified by using the miRNA⁎ sequences of Arabidopsis and rice as homology. Conserved miRNAs were mapped to cotton TC sequences from TIGR. Sequences of 120 bp long around the mapping loci were processed by mfold (V3.2) [40] at the URL: http://www. bioinfo.rpi.edu/applications/mfold/cgi-bin/rna-form1.cgi to find whether they could be folded into a hairpin secondary structures. Targets of conserved miRNA were predicted by the web tool psRNATarget [36] at the URL: http://bioinfo3.noble.org/psRNATarget/ using the Gossypium (cotton) DFCI Gene index (CGI) release 9 as the sequence library for target search, set 3 as the maximum expectation.
Conserved miRNA sequence multiple alignments
Conserved miRNA multiple alignments were performed using the WebLogo at URL: http://weblogo.berkeley.edu/logo.cgi.
